We examined ways in which the Bphi008a (AY256682) gene of rice (Oryza sativa L.) enhances the plant's resistance to a specialist herbivore, the brown planthopper (Nilaparvata lugens Stål; BPH). Measurement of the expression levels of ethylene synthases and of ethylene emissions showed that BPH-feeding rapidly initiated the ethylene signaling pathway and upregulated Bphi008a transcript levels after 6-96 h of feeding. In contrast, blocking ethylene transduction (using 1-methylcyclopropene) reduced Bphi008a transcript levels in WT plants fed upon by BPH. In vitro kinase assays showed that Bphi008a can be phosphorylated by OsMPK5, and yeast two-hybrid assays demonstrated that the C-terminal proline-rich region of Bphi008a interacts directly with this kinase. Furthermore, bimolecular fluorescence complementation (BiFC) assays showed that this interaction occurs in the nucleus. Subsequently, we found that Bphi008a up-regulation and down-regulation were accompanied by different changes in transcription levels of OsMPK5, OsMPK12, OsMPK13 and OsMPK17 in transgenic plants. Immunoblot analysis also showed that the OsMPK5 protein level increased in over-expressing plants and decreased in RNAi plants after BPH-feeding. In transgenic lines, changes in the expression levels of several enzymes that are important components of the defenses against the BPH were also observed. Finally, yeast two-hybrid screening results showed that Bphi008a is able to interact with a b-ZIP transcription factor (OsbZIP60) and a RNA polymerase polypeptide (SDRP).
INTRODUCTION
Plants are sessile and constantly exposed to diverse external biotic stresses during their life cycle (e.g., viruses, pathogens and pest infestations). Plant defenses to external biotic stresses differ from those of mammals, which have evolved specialized mobile defense lymphocytes and a somatic acquired immune system that provide protection against external stimuli. Instead, plants depend on a pre-existing innate immune system in each cell (Ausubel, 2005) . The innate immunity of plants can provide them with non-host resistance and host-resistance against external biotic stresses. In addition, mutant and transcription analyses have shown that several low molecular weight signal molecules, including salicylic acid (SA), jasmonic acid (JA) and ethylene (Et), play important roles in the regulation of signal transduction pathways involved in plant innate immune responses (Zhu-Salzman et al., 2004; Glazebrook, 2005) . Among the signaling pathways involved in innate immune responses of plants, canonical MAPK (Mitogen-Activated Protein Kinases) signaling cascades act as bridges between diverse effectors or signal sensors and downstream defense genes (Ausubel, 2005; Pitzschke et al., 2009 ).
In the ongoing battlefield between plants and pathogens, the innate immunity of plants is induced by the conserved microbial feature 'microbe-or pathogen-associated molecular patterns' (MAMPs or PAMPs) and special 'effectors', which are recognized by the plant's LRR-receptor kinase, then initiate 'PAMP-triggered immunity' (PTI) and 'effector-triggered immunity' (ETI), respectively (Jones and Dangl, 2006; Chisholm et al., 2006) . This host-pathogen defense model, which describes the direct or indirect recognition of pathogen Avr effectors and receptor proteins, has been genetically characterized as 'gene-for-gene' resistance (Flor, 1971) . A number of resistance (R) genes and their direct or indirect target effectors have been cloned from many plant species and pathogens; their interaction mechanisms have also been elucidated in some cases (Chisholm et al., 2006) . However, only two insect R genes have been cloned to date, Mi-1 and Bph14, which provide resistance to the root-knot nematode (Meloidogyne incognita) and the brown planthopper (BPH, Nilaparvata lugens), respectively. Furthermore, the mechanisms whereby plants recognize the nematode or brown planthopper Avr effectors remain unknown (Rossi et al., 1998; Du et al., 2009) , although RNA profiles of plant-herbivore interactions indicate that the signal perception and 5 transduction pathways involved may be similar to those of plant-pathogen interactions (Voelckel and Baldwin, 2004; Kaloshian and Walling, 2005; Wang et al., 2008) .
Plant-herbivore interactions generally induce complex responses in plants, including the following. Various house-keeping genes that are involved in photosynthesis and general metabolism are suppressed, in plant interactions with pathogens as well as herbivores (Scheideler et al., 2002; Kaloshian and Walling, 2005) . This implies that plants possess mechanisms that improve their defenses against external stress by 'sacrificing' some of the C-and N-resources required for growth and development. In addition, several important signaling pathways are activated, including JA-, Et-, and/or SA-signaling pathways following the production of reactive oxygen species (ROS). For example, JA contents increase in response to some necrotrophic fungal pathogens and arthropod herbivores, e.g. the tissue-damaging herbivores Manduca sexta and Trichoplusia ni (Farmer et al., 2003; Howe and Jander, 2008) . SA is also required for the activation of systemic acquired resistance (SAR), a hypersensitive response (HR) induced by ROS that triggers a type of programmed cell death (PCD) thought to limit the access of biotrophs to water and nutrients (Glazebrook, 2005) . However, it should be noted that (unlike pathogens) herbivores can avoid barren cells that have been stripped of resources by PCD since they are mobile and can thus simply move to other parts of the plant. This suggests that co-induced signaling pathways may synergistically protect plants against herbivore attack. For instance, Et sometimes acts synergistically with JA in the regulation of both stress and developmental response, in which the transcription factor (TF) Ethylene Response Factor1 (ERF1) serves as a genetic bridge between the JA and Et signaling pathways (Lorenzo et al., 2003) . Further typical responses to herbivory include the activation of calcium flux and MAPK cascades, in which the calcium ions (Ca 2+ ) act as important second messengers (Maffei et al., 2007; Howe and Jander, 2008) . Finally, the signaling pathways, calcium fluxes and MAPK cascades collectively activate a series of downstream defense-related genes and the production of various important protein and secondary metabolites, including pathogen-related (PR) proteins, proteinase inhibitors, polyphenol oxidases and compounds that target physiological processes in the attacking insect (Ussuf et al., 2001; Baldwin et al., 2002; Chen et al., 2005; Howe and Jander, 2008) . Resistance mechanisms to phloem-feeding insects also include the induction of www.plantphysiol.org on July 16, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved.
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forisome dispersion, callose deposition and (thus) phloem plugging, which prevent insects from continuously ingesting phloem sap from plants (Will et al., 2007; Hao et al., 2008) .
MAPK cascades comprise a group of evolutionarily conserved serine/threoninespecific protein kinases in eukaryotic organisms. These protein kinases can transduce extracellular stimuli into intracellular responses by either phosphorylating a target protein in the cytoplasm or directly translocating into the nucleus and regulating gene expression through phosphorylation of specific transcription factors. These kinase cascade-mediated defense mechanisms are important signaling modules that are involved in the regulation of numerous abiotic and biotic stress responses (Jonak et al., 2002; Hamel et al., 2006; Howe and Jander, 2008) . Recognition of PAMPs by plants may result in the activation of PTI via a MAPK cascade, but some bacterial effectors can block MAPK cascade-mediated innate immunity by suppressing the cascade upstream of MAPKKK (Asai et al., 2002; He et al., 2006) . CTR1, a pivotal regulator involved in the ethylene signaling transduction pathway, is actually a Raf-like MAPKKK and its regulation of downstream targets is mediated by a MAPK cascade (Kendrick and Chang, 2008) .
Furthermore, the AtMKK3-AtMPK6 cascade plays an important role in JA-signaling in Arabidopsis (Takahashi et al., 2007) . Although no complete MAPK signaling pathway that provides insect resistance has been described, there is also evidence that MAPK cascades play important roles in plant-insect interactions (Kandoth et al., 2007; Wu et al., 2007) . The cited studies indicate that the signaling events initiated by a diverse range of stresses have converged into a conserved MAPK cascade.
Phloem-feeding insects have a highly specialized feeding mode and cause complex damage to plants. Not only do these pests feed directly on the amino acids and carbohydrates of the host with a "stealthy" feeding mechanism, but they may also act as vectors for plant viruses or pathogens, and they may deposit honeydew, thereby encouraging the growth of mold (Brown and Czosnek, 2002; Kempema et al., 2007) . The brown planthopper (BPH) is a typical phloem-feeding insect that is a significant pest of rice (Oryza sativa L.), causing considerable crop losses globally, especially in Asia.
However, little is known about how rice perceives and resists the BPH through its innate immune system, and few genes have been reported with roles in plant defenses against 7 BPH infestation. An exception is Bphi008a (AY256682), a gene induced by both BPH-feeding and ethephon (Yuan et al., 2004) . The aim of this study was to explore the defense mechanism of rice against the BPH, in particular to clarify the roles of the Bphi008a gene in the rice innate immunity system and resistance to the BPH.
RESULTS

Overexpression and RNAi of Bphi008a Affect Rice Resistance to the BPH
To clarify the role of Bphi008a in rice responses to the BPH, it was overexpressed (OE) or suppressed by double-stranded RNA interference (RNAi) in rice cv. Hejiang 19.
Northern blot analysis showed that its expression was enhanced in six OE lines, compared with WT plants (Hejiang 19), when they were not exposed to the BPH ( Figure   1A ). From the T1 progeny of OE lines, we selected a homozygous transgenic plant, designated OE21-15, to generate offspring for further analyses; all of these offsprings had a single-copy insertion, according to southern blotting analysis ( Figure 1C ). Since the endogenous expression level of Bphi008a in WT plants was relatively low under normal growth conditions, the effectiveness of RNAi in six T0 transgenic lines was examined in plants that had been infested with the BPH for 48 h. The results showed that Bphi008a expression was blocked in RNAi plants ( Figure 1B) . None of the OE lines or RNAi lines exhibited obvious morphological changes (data not shown).
Fifteen-day old seedlings of the OE, RNAi and WT lines were infested with 2nd to 3rd-instar BPH nymphs at a level of seven insects per seedling. After the BPH had been feeding for 72, 96 and 120 h, all plants of each WT and transgenic line were assigned a severity score of 0, 1, 3, 5, 7 or 9 (Huang et al., 2001) , and the average scores (4.2 and 7, respectively, at 96 h) clearly indicated that the OE plants had greater resistance to the BPH than WT plants ( Figure 1D ). In contrast, the change in susceptibility of rice to the BPH caused by RNAi of Bphi008a was not obvious, but we hypothesized that this may be because variety Hejiang 19 has a high susceptibility to the BPH (with a severity score exceeding 8.0). Hence it may be difficult to differentiate subtle differences in susceptibility between the WT and RNAi lines. Therefore, to evaluate further the differences in susceptibility among the WT, OE and RNAi plants, we used a real-time Electronic Penetration Graph (EPG) technique to monitor the feeding behavior of the www.plantphysiol.org on July 16, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved.
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BPH on them (Tjallingii, 2006; Hao et al., 2008) . The results showed that the duration of phloem-ingestion was approximately 40% lower on the two OE lines and approximately 15% higher on the two RNAi lines, compared with the WT plants ( Figure 1E ). These findings strongly indicate that the level of Bphi008a expression affects BPH feeding on the phloem of rice. Finally, the honeydew area was measured after the BPH had been feeding for 48 and 72 h. Clear differences were observed between the OE and WT plants ( Figure 1F ), supporting the suggestion that Bphi008a expression enhances rice resistance to the BPH by impairing BPH feeding.
Selection of House-keeping Genes for Real-time PCR during BPH-feeding on Rice
As mentioned in the Introduction, some house-keeping (HK) genes are suppressed in host-herbivore interactions. The current consensus is that multiple stably expressed HK genes are required for accurate and robust normalization (Schmittgen and Zakrajsek, 2000; Vandesompele et al., 2002 Tables 1 and 2 ). The comparative expression levels of each HK gene, at seven time-points (0, 6, 12, 24, 48, 72 and 96 h after the BPH had been feeding on leaf-sheaths), were determined by real-time PCR.
Using the geNorm algorithm, we ranked these 10 HK genes according to their comparative expression stability at the seven time-points (Vandesompele et al., 2002) . As shown in Figure 2 , the results indicated that the most stably expressed combinations of et al., 2004) , to examine qPCR data of these 10 HK genes. This gave almost identical ranking trends for the genes to those of the 9 geNorm algorithm, except for some minor differences that we attributed to the different emphases of the algorithms (Supplemental Figure 1) . After we had identified the most stably expressed HK genes in the studied lines, we used the Biogazelle qBasePlus relative quantification framework for further analysis of the real-time PCR data (Hellemans et al., 2007) .
Bphi008a Is a Downstream Gene of the Ethylene Signaling Pathway in Rice
In a previous study, Bphi008a expression was found to be induced by both BPH feeding and spraying plants with ethephon, which slowly releases ethylene (Yuan et al., 2004) . Therefore, we investigated changes in the expression of genes involved in ethylene biosynthesis in rice plants that had been fed upon by the BPH. In rice, a large gene family controls ethylene biosynthesis, composed of six ACC synthase genes (designated OsACS1 to OsACS6) and seven ACC oxidase genes (designated OsACO1 to OsACO7) (Yang and Hoffman, 1984; Iwai et al., 2006) . We found that expression levels of all of the ethylene biosynthesis genes were increased after BPH-feeding, except
OsACS1, OsACS3 and OsACO4, whose transcription was not detected in rice cv. Hejiang 19 (data not shown). Expression levels of three members of the ACC synthase subfamily (OsACS2, OsACS4 and OsACS5) were increased after BPH-feeding for 6 h, then OsACS2
and OsACS5 expression levels remained high until 96 h, while OsACS4 expression levels were increased two-fold after 6 h, but then decreased to control levels. OsACS6 expression levels were almost unaffected by BPH-feeding before 48 h, but then began to decrease ( Figure 3A ). In addition, expression levels of four members of the ACC oxidase subfamily (OsACO1, OsACO2, OsACO3 and OsACO7) had all increased by 6 h, but then began to decrease and reached their lowest levels after 96 h of BPH feeding. OsACO5 expression levels were increased until 24 h of BPH feeding, but then subsequently declined to just a quarter of control levels after 96 h ( Figure 3B ). Further, as shown in Figure 3C , ethylene measurements at 3, 6, 12, 24, 48 and 72 h time points showed that levels of ethylene emitted from WT plants rapidly increased upon BPH-feeding, and were maximal at the end of the monitoring period (72 h). These results suggest that BPH feeding rapidly initiated ethylene biosynthesis.
In addition, we used 1-methylcyclopropene (1-MCP; C 4 H 6 ), a volatile gas and ethylene inhibitor that competitively binds to the ethylene receptor in plants, to block transduction of ethylene signals. We pretreated WT plants for 48 h with 1-MCP (10 ppm), then investigated changes in the expression levels of Bphi008a after 0, 6, 12, 24, 48, 72 and 96 h of BPH-feeding in these and control plants (which received no 1-MCP treatment).
Bphi008a expression levels increased from 0 h to 96 h in the controls, but in Hejiang 19 plants pretreated with 1-MCP, Bphi008a expression levels were very low ( Figure 3D ).
We also found no significant differences in the expression levels of OsACOs and OsACSs between the WT and transgenic plants, except that OsACO1 expression was increased after BPH-feeding for 96 h and OsACO2 after BPH-feeding for 72 and 96 h in the OE plants (Supplemental Figure 2) . Together, these results indicate that Bphi008a transcription is stimulated by active ethylene and Bphi008a is a downstream gene of the ethylene signaling pathway in rice.
Detection of Bphi008a Expression Patterns and Localization in Rice
We examined relative expression levels of Bphi008a in leaf-sheaths, stems, leaf-blades and roots of seedlings, and leaf-sheaths, leaf-blades and flowers of plants at the heading stage. Using the NormFinder algorithm, we chose LSD1 as the most stably expressed HK gene in these seven types of samples (Supplemental Figure 3) . We found that Bphi008a expression levels were highest in the roots of seedlings, followed Figure 5A ). We found that the YFP-tnBph8a fusion protein lost its plasma membrane localization and was mainly localized in the cytosol, or in both the cytosol and nucleus ( Figures 5B and 5C ), while cells transiently expressing the YFP-Bphi008a fusion protein predominantly showed YFP signals at the plasma membrane and nucleus ( Figure 5D ). These results suggest that Bphi008a has dual localization and its N-terminal amino acids are likely to be involved in its localization.
Bphi008a Is Phosphorylated by OsMPK5 in Vitro
In attempts to elucidate the function of Bphi008a in signal transduction processes, we first analyzed its possible motifs. In the C-terminal proline-rich region of Bphi008a, we found several proline-related motifs, including two Pro-X-X-Pro motifs and one Pro-Pro-Gly-Arg motif ( Figure 6A ; Kay et al., 2000; Kofler and Freund, 2006) . In addition, two robust, comprehensive motif search algorithms, Scansite 2.0 and Eukaryotic Linear Motif (ELM), showed that it has a putative MAPK phosphorylation site and a conserved docking site for a proline-directed MAPK at positions between amino acids 52 and 58 (Obenauer et al., 2003; Puntervoll et al., 2003) . These findings suggested that it might be post-translationally regulated through phosphorylation. OsMPK5, which is also involved in disease resistance and abiotic stress tolerance, was identified as a candidate target kinase for Bphi008a (Xiong and Yang, 2003) . In addition, we cleaved the C-terminal 29 amino acids of Bphi008a to use the remaining coding sequence (designated tBph8a) as a negative control ( Figure 6A ). We produced glutathione S-transferase (GST) fusion proteins containing OsMPK5, Bphi008a and tBph8a in Escherichia coli, and purified them. We then assayed their kinase activity in vitro, after checking the amounts of GST, GST-MPK5, GST-Bphi008a and GST-tBph8a proteins by 12% (w/v) SDA-PAGE analysis ( Figure 6B ). The results showed that GST-MPK5 has concentration-dependent autophosphorylation ability and the capacity to phosphorylate GST-Bphi008a. When less than 4 µg GST-MPK5 was used in the assays, it showed strong autophosphorylation ability and we only detected weak GST-Bphi008a phosphorylation ( Figure 6C , Lanes 1-4). However, when we increased the amounts of GST-MPK5 to 16 µg, we detected a strong GST-Bphi008a phosphorylation band, accompanied by abatement of GST-MPK5 autophosphorylation ( Figure 6C , Lane 6).
Furthermore, no phosphorylation interaction between GST-MPK5 and GST-tBph8a was detected ( Figure 6C 
C-terminus motif might have a function in vivo.
Bphi008a Interacts with OsMPK5 in the Nucleus
Since the interaction between OsMPK5 and Bphi008a involved phosphorylation in vitro, we wanted to determine whether or not these two proteins could interact in vivo.
For this purpose, complete Bphi008a, tBph8a and OsMPK5 coding sequences were separately cloned into pGADT7 and pGBKT7 vectors to create a yeast two-hybrid system. Among all 17 mating combinations, we found one ( designated No. 15) in addition to the positive control that showed a clear positive interaction on the QDO/X-α-Gal plate, which corresponded to 'pGBKT7-OsMPK5' mating with 'pGADT7-Bphi008a' (Supplemental Table 3 and Figure 6D ). In addition, Nos. 12 and 16 (corresponding to 'pGBKT7-Bphi008a' mating with 'pGADT7-OsMPK5' and 'pGBKT7-OsMPK5' mating with 'pGADT7-OsMPK5', respectively) showed comparatively weak interactions.
These findings imply that OsMPK5 has weak ability to interact with itself in vivo, in contrast to the strong autophosphorylation capacity observed in vitro ( Figures 6C and 6D ).
Relative β -galactosidase activities were also measured, and provided results consistent with those from the QDO/X-α-Gal/3-AT plate ( Figure 6E ).
Following the confirmation that Bphi008a can interact with OsMPK5 in yeast cells, we tested the possibility that these two proteins interact in plant cells, using a particle gun-mediated system. We found that OsMPK5 also had dual localization, coinciding with that of Bphi008a ( Figure 5E ), and postulated that if these two proteins interact in plant cells, they presumably do so in the nucleus and/or the plasma membrane. To test this hypothesis, we transiently coexpressed Bphi008a (or tBph8a) tagged with pSPYNE (split YFP N-terminal fragment expression) and OsMPK5 tagged with pSPYCE (split YFP C-terminal fragment expression) using Arabidopsis protoplast transfection (Walter et al., 2004; Yoo et al., 2007) . As anticipated, the results indicated that Bphi008a and OsMPK5 can interact with each other in the nucleus, but not in the plasma membrane.
Meanwhile, we detected no interaction between tBph8a and OsMPK5 in protoplasts ( Figure 6F ). Similar bimolecular fluorescence complementation (BiFC) results were observed in onion epidermal cells using the particle gun-mediated system (Supplemental 
Bphi008a Overexpression and RNAi Result in Different OsMPKs Expression Patterns
The BiFC and kinase assay results showed that OsMPK5 can interact with Bphi008a by mediating its C-terminal proline-directed phosphorylation, and that this interaction occurs in the nucleus. We speculated that phosphorylated Bphi008a plays a role in MAPK signaling pathways. In rice, we had identified 17 members of the MAPK family (OsMPK1 to OsMPK17), four of which (OsMPK5, OsMPK12, OsMPK13, OsMPK17) can be induced by both treatment with 1-aminocyclopropane-1-carboxylic acid (ACC, an ethylene precursor) and pathogen (Magnaporthe grisea) infection (Reyna and Yang, 2006) . We found that expression levels of these four genes also increased in response to BPH-feeding (most strongly after 96 h, except for OsMPK17, which was only induced after the BPH had been feeding for 6 h; Figures 7A to 7D ). These findings suggested that the conserved MAPK signaling pathways serve as bridges in responses to hormones and biotic stresses. In the OE plants (OE21-15), we found that expression levels of these four genes increased compared with WT, in both controls and plants fed on by the BPH (Figures 7A to 7D ). However, we found that expression levels of both OsMPK12 and OsMPK17 remained unchanged in Bphi008a-suppressed (RNAi7) plants that had not been exposed to the BPH, but they declined after BPH-feeding, compared with levels in WT and OE plants ( Figures 7B and 7D) . Furthermore, OsMPK5 expression levels increased before the BPH had been feeding for 24 h, compared with levels in WT plants, but decreased notably in response to BPH-feeding from 24 to 96 h in RNAi plants ( Figure 7A ). Unexpectedly, OsMPK13 expression levels were increased in both OE and RNAi plants, compared with WT plants ( Figure 7C ). In addition, immunoblot analysis showed that the OsMPK5 protein level was increased after BPH had been feeding for 6 h and remained at a high level until 96 h in the WT plants. Compared with the WT plants, OE plants had consistently higher OsMPK5 protein levels, and RNAi plants significantly lower levels, after BPH-feeding ( Figures 8A and 8B) . These results suggest that (Mizoguchi et al., 1996; Xiong and Yang, 2003) . In addition, OsMPK12, originally named OsBWMK1, mediates expression of pathogen-related genes by phosphorylation-mediated activation of an AP2/ERF transcription factor, OsEREBP1, and enhances resistance of tobacco to the virulent oomycete pathogen Phytophthora parasitica var nicotianae (Cheong et al., 2003) . This evidence suggests that a linear OsMPK5/12-OsERF1/OsEREBP1 signaling pathway may mediate responses to external biotic stresses in rice. We found that expression levels of OsERF1 and OsEREBP1 were also enhanced in OE plants, compared with WT plants (Figures 8C and 8D ), suggesting that Bphi008a-mediated enhancement of plant resistance to the BPH might be correlated with the activation of defense-related genes by some specific transcription factors.
We hypothesized that the suppression of BPH-feeding in the Bphi008a OE lines described above ( Figures 1E and 1F ) may be ultimately related to the upregulation of some defense-related genes, which could thwart BPH-feeding. Some well-studied Arginase expression levels were increased in OE plants and somewhat decreased generally in RNAi plants when fed on by the BPH (Figure 8E ). Furthermore, we found that the expression levels of (especially) LEA2 and CysPI were also enhanced in the OE plants ( Figures 8F and 8G) . These results may explain why BPH feeding behavior was suppressed in OE plants.
Bphi008a Interacts with OsbZIP60 and SDRP in Yeast Cells
Bphi008a is clearly not an upstream gene of MAPK signaling pathways, so we speculated that the function of phosphorylated Bphi008a could be related to transcriptional regulation. Since Bphi008a has no DNA-binding domain, unlike many traditional transcriptional factors, we surmised that it may be a key member of a transcriptional complex, and thus could regulate the transcription of OsMPKs, via interactions between the Pro-X-X-Pro or Pro-Pro-Gly-Arg motifs and other components of the transcription machinery. To test our conjecture, Bphi008a was used as a bait to screen a prey cDNA rice library. The yeast two-hybrid screening resulted in 20 unique genes encoding putative Bphi008a-interacting proteins (BIPs). The predicted functions of BIPs are quite diverse, but can be classified into five categories ( Figure 9A and Supplemental Table 4 ). Among them, we found two clones (Os03g0102200 and Os06g0622700) related to transcription regulation. Os03g0102200 is a 14.5 kDa polypeptide that is similar to DNA-directed RNA polymerase II, and we renamed it SDRP, while Os06g0622700 is a bZIP (basic leucine zipper) transcription factor that shows the highest homology to AtbZIP60 in Arabidopsis (Supplemental Figure 6 ), so we renamed it OsbZIP60.
Complete Bphi008a and OsbZIP60 (or SDRP) coding sequences were cloned into pGBKT7 and pGADT7 vectors, respectively, to create a yeast two-hybrid system. As shown in Figure 9B , we detected a clear interaction between Bphi008a and OsbZIP60. In addition, we detected a weak interaction between Bphi008a and SDRP. increases after BPH-feeding, implying that a combined Et/JA signaling pathway might be involved in the defense of rice against the BPH ( Figure 8B ). Thus, these results collectively indicate that BPH-feeding not only induces the Et signaling pathway, but might also activate JA and SA signaling pathways. However, as the BPH-feeding time increased, especially after the BPH had been feeding for 24 h, we found that expression levels of all OsACO genes and OsACS4 began gradually to decrease, and all were lowest at the end of the monitoring period (96 h), compared with WT levels ( Figures 3A and 3B ).
These changes in relative expression levels are very different from the pattern displayed by genes encoding components of the SA/JA pathways, whose expression levels consistently increased during BPH feeding (Supplemental Figure 7A) . These findings suggest that the BPH can protect itself from defenses induced by the Et signaling pathway by preventing the expression of some genes that participate in this pathway, in latter stages of its feeding. Several researchers have reported analogous findings. which WRKY29 could bind to W-box DNA elements (TGAC core sequence) that found in the promoters of many defense-related genes, has been proposed to be responsible for flg22-induced defense response (Asai et al., 2002) . Seventeen MAPK genes have been identified in the rice genome, yet little is known about how these OsMPKs are involved in defense responses to herbivore attack through the innate immune system in rice. In our research, the expression levels of four MAPK genes (OsMPK5/12/13/17), which were also induced by ACC and M.grisea, were enhanced in response to BPH-feeding ( Figure   7 ). In addition, the protein levels of OsMPK5 were also increased in WT and OE plants exposed to BPH-feeding ( Figures 8A and 8B) . Although OsMPK1/5 has a high similarity to AtMPK6/3, we found that OsMPK1 does not respond to introduction of the pathogen M.grisea or to BPH-feeding (Reyna and Yang, 2006; unpublished data 8D ; Cheong et al., 2003; Gutterson and Reuber, 2004) . In the present study, we found that OsMPK5 could also phosphorylate Bphi008a in vivo. Finally, we found enhanced expression levels of some downstream defense-related genes, such as Arginase, LEA2
and CysPI, which can hinder digestive processes in the insect midgut ( Figures 8E, 8F and   8G ). Since it is unclear whether there is a direct relationship between OsERF1/OsEREBP1 or Bphi008a and the activation of Arginase, CysPI or LEA2, this warrants further investigation. However, our results demonstrate that several OsMPK genes play an important role in response of rice to the BPH.
Bphi008a Might be Involved in Stress Response through Interaction with OsbZIP60
The yeast two-hybrid screening results showed that Bphi008a can interact with transcription factor OsbZIP60, a homolog of AtbZIP60 in Arabidopsis thaliana and NtbZIP60 in Nicotiana tabacum (Supplemental Figure 6) . The membrane-bound transcription factor AtbZIP60, the activity of which is controlled by proteolytic cleavage, is considered to function as a sensor for Endoplasmic Reticulum (ER) stress and may regulate the expression of many ER chaperone genes by activating plant-UPR and ERSE cis-elements (Iwata et al., 2005; Iwata et al., 2008) ( Figure 9C ). We suggest that Bphi008a might involve in the transcription of some OsMPKs through combination with OsbZIP60 and SDRP ( Figure 9B ). Interestingly we found that the expression levels of OsMPK13 and CysPI were also enhanced in RNAi plants ( Figures 7C and 8F ). We hypothesize that other genes, besides Bphi008a, may also mediate defense responses of rice to the BPH through MAPK cascades, which could compensate for the RNAi-induced reduction of Bphi008a expression. Isolation and characterization of proteins that interact with the nuclear form of OsbZIP60 and examination of the mechanism whereby the phosphorylated (or non-phosphorylated) form of Bphi008a binds to OsbZIP60 in plant cells should yield valuable insights in this context. In addition, we should unravel how the OsbZIP60 transcription complex activates cis-elements of OsMPKs through Chromatin Immuno-Precipitation (ChIP) analysis. Research in this area is currently underway.
MATERIALS AND METHODS
Gene Constructs and Rice Transformation
To make an overexpression construct, the Bphi008a coding sequence was cloned into the plasmid vector pAHC17. The resulting recombinant pAHC17-Bphi008a vector was sequenced to ensure the correct insert. After digestion of the pAHC17-Bphi008a vector with EcoRI and HindIII, the insert was ligated in frame into the plasmid vector pCAMBIA1301 to make the overexpression construct (Bphi008a-OE).
To make a dsRNAi construct, the complete Bphi008a sequence was cloned into the XhoI-EcoRI restriction enzyme sites in the pHANNIBAL vector (Wesley et al., 2001 ), thus creating pHAN-Bph8a1. The PCR fragment generated using the XbaI-HindIII pair of primers (to form the antisense fragment) was also XbaI-HindIII digested and cloned into the same sites in pHAN-Bph8a1 to create pHAN-Bph8a2. The pHAN-Bph8a2 vector was digested with NotI and the insert was ligated in frame into the plasmid vector pART27 to form the dsRNAi construct (Bphi008a-RI). Overexpression and dsRNAi constructs were introduced into Agrobacterium tumefaciens (strain LBA4404) by electroporation, using vigorously growing calli derived from mature embryos of rice cv. Hejiang 19 following standard procedures (Hiei et al., 1994) . T0 transgenic plants were grown in a greenhouse under 14 h light/10 h dark cycles at 28°C. 
Plants, Insects and BPH-resistance Evaluation
Japonica rice (Oryza sativa) variety Hejiang 19, a line that is susceptible to the BPH with a severity score exceeding 8.0 in seedling bulk tests, was used in this study. Unless otherwise stated, the brown planthopper (Nilaparvata lugens Stål; BPH) insects were maintained on TN1 plants in the Genetics Institute, Wuhan University, and 2nd to 3rd instar nymphs were used in experiments (all of which were carried out on rice plants at the three-leaf stage).
EPG recordings were carried out for 8 h/insect/plant, with at least five replicates for each variety (using fresh seedlings and insects in each case), and the data acquired were analyzed as previously described (Hao et al., 2008) . Honeydew area evaluation was carried out for 48 and 72 h/four insects/plant, with eight replicates for each variety. After the experiment was finished, the filter papers were rinsed with 0.25% ninhydrin and color-developed in a 55°C drying oven. Photoshop 7.0 was used to calculate the percentage of colored area to total area.
DNA Isolation and Southern-blot Analysis
Genomic DNA was extracted from rice leaves of WT (cv. Hejiang 19) and transgenic plants using the CTAB (cetyltrimethyl ammonium bromide) method. The genomic DNA was digested with the restriction endonuclease DraI, then electrophoretically separated on a 0.8% agarose gel, transferred onto a Hybond N + membrane (Amersham-Pharmacia, USA), then probed with Bphi008a cDNA labeled with [α-32 P] dCTP using the Prime-a-Gene labeling system (Promega, USA). The blots were hybridized for more than 10 h at 65°C with the labeled probe, washed at 65°C for 15 min in 1x SSC and 0.2% SDS, then kept at 65°C for 15 min in 0.5x SSC and 0.1% SDS. The membranes were finally exposed to X-ray film for autoradiography.
RNA Isolation, Northern-blot Analysis and First-strand cDNA Synthesis from RNA
Total RNA was extracted from 15-day-old seedling tissue frozen in liquid nitrogen using TRIzol reagent (Invitrogen, USA) followed by isopropyl alcohol precipitation. The RNA was then dissolved in DEPC-treated water. The concentration of RNA was determined by spectrophotometric measurements (Perkin-Elmer, USA). For northern blot analysis, total RNA (10 μ g) was separated on a 1.5% formaldehyde agarose denaturing gel, then blotted onto Hybond N + nylon membranes. Full-length Bphi008a cDNA probes were labeled with [α-32 P] dCTP. Hybridization was performed for more than 10 h at 55°C, then membranes were washed with 1x SSC and 0.2% SDS at 55°C for 15 min, followed by 0.5 x SSC and 0.1% SDS at 55°C for 15 min. The membranes were finally exposed to X-ray film for autoradiography.
cDNA was synthesized using the oligo(dT) 18 primer and a RevertAid TM First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer's instructions, using 3 µg total RNA from each sample for reverse transcription. The cDNA was diluted 10-fold and amplified for real-time PCR analysis.
Protein Extraction and Immunoblot Analysis
Samples ( overnight at 4°C and then washed for 3 x 8min in TBS-T. The membranes were incubated with the rabbit OsMPK5 polyclonal antibody (1:1000) or with the mouse HSP82 monoclonal antibody (1:10000) diluted with 1% BSA in TBS-T for 1.5 h at room temperature. Next, the membranes were washed in TBS-T for 3 x 8min, and incubated for 1.5 h with goat anti-rabbit IgG or goat anti-mouse IgG (1:10000 dilution in TBS-T and 1% BSA) conjugated to alkaline phosphatase, followed by a further 3 x 8min in TBS-T. Finally, OsMPK5 was detected using 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (BCIP/NBT) as the substrate.
Primer Design and Real-time PCR Analysis
The primers used for real-time PCR were designed using Beacon Designer 7. carried out using a Rotorgene 6000 real-time PCR system (QiaGene) with the following temperature profile: 95°C for 2 min, followed by 34 cycles of 95°C for 5 s, 55°C for 5 s, and 72°C for 10 s. After the amplification, a melting curve was determined for each primer pair across a temperature range from 72°C to 98°C to verify that only one specific product was present. A standard curve for each gene was also determined. The reactions were performed in triplicate and the results were averaged. All of the primer data from this study can be found in Supplemental Tables 1, 2 
Measurement of ET Emission
Twenty 15-day-old seedlings were placed in a gas-proof transparent plastic housing (diameter 15cm, height 50cm) and left in a growth cabinet at 28±2°C for 12 h under light.
At 3, 6, 12, 24, 48 and 72 h after the start of BPH-feeding, 1 ml of gas was withdrawn from the airspace of each plastic housing using a gas-tight syringe (Agilent) and injected into a gas chromatograph (Agilent GC-6890N) equipped with an aluminum column (Shumpak-A; Shimazu) and a flame-ionization detector for ET determination.
1-MCP Treatment
For the 1-MCP treatment, 15-day old seedlings were transferred into a hermetic glass house (~5m 3 ) and sprayed with the 1-MCP at a final concentration of 10 ppm. After two days, the pretreated plants were transferred into a greenhouse under 14 h light/10 h dark cycles at 28°C for BPH-feeding.
Subcellular Localization, dapi and FM4-64 Staining
For the analysis of the subcellular localization of Bphi008a and tnBph8a, the Bphi008a, tnBph8a and OsMPK5 coding sequences were cloned in frame to a C-terminal Bsp1407I site and XbaI site of YFP, respectively, using the pBS-35S-YFP vector. Onion epidermal cells were then bombarded with recombined constructs using a particle gun-mediated system (PDS-1000/He; Bio-Rad) and analyzed by confocal microscopy (FV10-ASW; Olympus). For dapi staining, onion epidermis was dyed for 10 min in dapi (1 μ g/ml) and then rinsed in PBS solution before being examined under the confocal microscope. For dapi and FM4-64 counterstaining, after dapi staining and rinsing, onion epidermis was re-dyed with FM4-64 (10 nM) for 10 min and examined under the confocal microscope.
Expression and Purification of Recombinant Proteins
For expression and purification of GST-MPK5, GST-Bphi008a and GST-tBph8a
proteins, the coding sequences were cloned into the BamHI and XhoI site of the pGEX-6P-1 expression vector (GE Healthcare, Sweden). E. coli BL21 cells were transformed with the three recombinant plasmids and grown to an OD 600 of 0.6.
Expression of the recombinant proteins was then induced with 0.5 mM IPTG (isopropyl β -D-thiogalactopyranoside) for 5 hr at 37°C. Bacteria culture (100 ml) was centrifuged at 12000g for 10 min and the sedimented bacteria were resuspended in PBS buffer (1x PBS, 1 mM PMSF, 1 mM DTT, 0.1 mM MgCl 2 and 1% Triton X-100) for ultrasonication.
Most of the GST-Bphi008a and GST-tBph8a fusion proteins were insoluble, being localized in inclusion bodies (data not shown). Therefore, the inclusion bodies were 
